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ABSTRACT: Carbon-based materials constitute a large family of materials characterized by some
peculiarities such as resistance to both acidic and basic environments, flexibility of structure, and
surface chemical groups. Moreover, they can be deeply modified by simple organic reactions (acid–
base or redox) to acquire different properties. In particular, the introduction of N-containing
groups, achieved by post-treatments or during preparation of the material, enhances the basic
properties. Moreover, it has been revealed that the position and chemical nature of the N-
containing groups is important in determining the interaction with metal nanoparticles, and thus,
their reactivity. The modified activity was addressed to a different metal dispersion. Moreover,
experiments on catalysts, showing the same metal dispersion, demonstrated that the best results
were obtained when N was embedded into the carbon structure and not very close to the metal
active site.
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1. Introduction
Carbon-based materials can be roughly divided into crystalline
and amorphous. Both materials present high resistance to
acidic/basic environments, which makes these materials suita-
ble for use under a wide range of conditions. They can undergo
relatively easy functionalization, which represents an attractive
way to tune the surface properties.
One of the most studied covalent derivatizations is based
on the chemistry of oxygenated functionalities (Figure 1), the
number of which can be increased by oxidative treatment in
strongly acidic media and where carboxylic groups dominates.
Functionalities are normally present on edges/corners of crys-
talline domains or on sidewall defects of graphene sheets. It is not
surprising therefore that the number of functionalities decrease in
the order active carbons (ACs)>graphite, carbon nanotubes
(CNTs), graphene>diamonds. Figure 2 presents, as an example,
different Raman and X-ray photoelectron spectroscopy (XPS; O
1s region) results that highlight the differences between O-
containing functionalities of graphite and AC (X40S Camel).[1]
Moreover, in the case of synthetic materials, the introduc-
tion of functionalities can be realized not only as post-synthesis
treatment, but also using selected reagents. P or S constitutes
an example for the doping of mesoporous ordered carbons
(OMCs) prepared by a soft templating technique in the pres-
ence of H2SO4 or H3PO4 mineral acids.
[2]
A different approach that provides a higher flexibility in
terms of functional groups is the case of a covalent organic
framework (COF) based on a C backbone formed through
controlled polymerization of organic moieties. In this case,
different functional groups of the monomer can be used to
link the units and to provide additional functional groups
(Figure 3).
In the last few years, particular attention was paid to the
introduction of basic groups within the carbon structure, and
particularly N-containing groups to modify the acid/base
properties of carbon materials. Our group, in particular, was
interested in studying the impact of N-functionalities on the
catalytic properties of metal-catalyzed oxidation reactions, in
which a basic environment speeds up the reaction and influen-
ces the selectivity. The aim of the whole study has been to
clarify the role of the nature, amount, and position of the N-
functional groups on the catalytic performance.
2. Covalent Triazine Frameworks (CTFs)
Kuhn and co-workers developed a new class of COFs pro-
duced from the trimerization of aromatic nitriles in molten
ZnCl2; so-called covalent triazine frameworks (CTFs).
[3] This
dynamic reorganization of porous polymers with the selected
carbonitrile groups, namely, para21,4-dicyanobenzene
(DCB) and 2,6-dicyanopyridine (DCP) lead to the formation
of covalent triazine frameworks (CTFDCB and CTFDCP
respectively; Figure 4). Because of the variety of aromatic
nitriles, the significant surface area and amounts of nitrogen
functionalities can be tuned in the network. Thanks to their
covalent structures, the CTFs were found to be stable ther-
mally and chemically. Therefore, CTFs are excellent candi-
dates as supports in liquid-phase reactions.
Likewise, the electronic structures in CTFDCB are ruled
by both the number of stacking layers and the ratio of different
aromatic rings, as suggested by Sakaushi and co-workers.[4]
Moreover, CTFs is an ambipolar organic material that can act
as an organic semiconductor. The benzene rings are electron
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donors and the triazine rings are electron acceptors. Addition-
ally, CTFs can also be used as both a cathode and an anode;
therefore, CTFs can be used as an energy storage material[5]
and as photocatalysts.[6] Herein, we describe the utilization of
CTFs as a new generation of heterogeneous catalysts. Palkovits
and co-workers were the first to study CTFs as catalytic sup-
ports.[7] Indeed, they coordinated Pt along a pyridine-bridged
covalent triazine framework (Pt-CTF) to produce a heteroge-
neous Periana catalyst. This Pt-CTF catalyst showed a high sta-
bility in methane oxidation under harsh conditions, namely,
concentrated sulfuric acid at 2158C. Indeed, after several reac-
tion cycles, no degradation of the support was observed. More-
over, the introduction of functionalities has been investigated
on other carbon supports and resulted in an enhanced catalytic
performance.[8]
Our group utilized CTFs as supports for palladium nano-
particles (NPs) for the liquid-phase oxidation of glycerol, for
which stabilization of the metal NPs on the support is one of
the major challenges.[9] The Pd-supported catalysts were pre-
pared by the sol immobilization technique (NaBH4/polyvinyl
alcohol (PVA)) to ensure better dispersion of the small (about
3 nm) Pd NPs on the support (Figure 5).[10] When compared
with Pd-supported activated carbon, the Pd-supported CTFs
were more resistant to deactivation and more selective toward
glycerate. The noteworthy stability of Pd/CTF in three runs is
directly associated with diminished Pd leaching, and limited
Pd NPs growth observed by TEM during the course of the
reaction. These conclusions are explained by better interac-
tions between the Pd NPs and nitrogen functionalities present
in the structure, and therefore, leading to a homogeneous dis-
tribution of metal NPs.
He et al. also highlighted the positive effect of adding Pd
to CTF for the catalytic hydrogenation of N-heterocycles com-
pared with the traditional Pd/AC.[11] They also attributed the
better catalytic activity to good dispersion and narrow distribu-
tion of the Pd NPs on the CTFs, thanks to the anchoring effect
of the N functionalities.
Having established the positive effect of the nitrogen het-
eroatoms on the catalytic oxidation of glycerol, we further con-
tinued our investigation by modulating the nitrogen content
of the support.[12] We immobilized Pd NPs on g-C3N4,
CTFDCB, and CTFDCP to test these catalysts in the oxidation
of benzyl alcohol (alcohol/metal: 5000, T5 808C, pO25 2
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Fig. 1. Oxygenated groups in C-based structures.
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atm, benzyl alcohol/cyclohexane ratio 50/50), and compared
their activity. Pd/C, a nitrogen-free palladium catalyst and the
reference catalyst for our target reaction, had a lower activity
(2678 mol Pd21 h21) than our three catalysts (14131, 8025,
and 4917 mol Pd21 h21 for Pd/C3N4, Pd/CTFDCP, and
Pd/CTFDCB, respectively).[
[12]b]
Despite similar Pd NP sizes (3.18, 3.16, and 3.09 nm for
Pd/CTFDCB, Pd/C3N4, and Pd/CTFDCP, respectively) and Pd
oxidation states, substantial differences in catalytic activity
were observed. Moreover, the small difference in the generated
pH of CTFDCP (5.45) and C3N4 (6), highlighting the low
basicity of both supports, cannot be responsible for the
enhanced activity of Pd/C3N4 compared with that of Pd/
CTFDCP.
We therefore used XPS and elemental analysis results to
emphasize a direct correlation between the enhancement of the
activity and an increase in the nitrogen content of the catalyst
(Figure 6).
Indeed, changes in the nitrogen functionality of the Pd-
supported catalysts and the original support material were
examined by XPS. For both CTFDCP and C3N4 support mate-
rials, there is a decrease in C2NH functionality with the addi-
tion of Pd that can only be correlated to the interaction of Pd
with these sites (Figure 7).
Moreover, in the case of CTFDCP and C3N4, two distinct
trends of the N content was revealed by the C/N/O distribu-
tion. After deposition of the Pd NPs, an increase in the amount
of N (from 14 to 30%) was observed in the case of CTFDCP,
whereas a decrease in N was detected for C3N4 (57 to 28%).
This observation is the direct consequence of the preferential
deposition of Pd NPs on the N adsorption sites of C3N4, lead-
ing to strong electronic modification of Pd NPs. Therefore, an
intimate correlation between the increase in activity and
amount of N groups during the benzyl alcohol oxidation was
established.
Another benefit of using CTFs as support materials in
liquid-phase reaction lies in their outstanding ability to stabi-
lize the formation of 2.6 nm PdHx particles within the
pores.[13] To establish such aptitude, a concise study on the
possible effect of the preparation technique has been carried
out. In addition to the sol immobilization technique previ-
ously used, the impregnation method (IMP) was also applied.
IMP would theoretically lead to the confinement of Pd within
the pores of CTF (PdIMP/CTF), which would result in
enhanced stability of Pd/CTF. Such confinement would imply
monitoring of the properties of the materials and tunability of
their reactivity.
To underline our assumption, a Pd XPS study was per-
formed and it revealed a lower Pd intensity (XPS signal5 0.2
at % Pd) for PdIMP/CTF than that observed for PdPVA/CTF
(3.0 at % Pd), despite identical 1% Pd weight loading. More-
over, an overview TEM image gives a 2.6 nm Pd NP size,
which perfectly matches the mean pore size of CTF deter-
mined by nitrogen adsorption (2.7 nm), as reported else-
where.[[3]b] Furthermore, TEM images also emphasize a high
metal dispersion and narrower distribution of Pd particle sizes
Fig. 2. Raman and XPS results for graphite (blue) and AC X40S (black). Reproduced from ref. [1] with permission from the PCCP Owner Societies.
Fig. 3. Illustration of COF formation.
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without the presence of large particles. Combining both char-
acterization methods, it could be suggested that most of the Pd
particles are embedded within the CTF structure and not at
the external surface, which was the case with the PdPVA/CTF
catalyst. We therefore investigated the Pd oxidation states and,
astonishingly, although reduced with NaBH4 only oxidized Pd
(Pdd1) was found in PdIMP/CTF, as in the case of non-reduced
Pd(II)IMP/CTF. When reduced with H2, again only Pd
d1
IMP/
CTF was obtained, and we concluded that, if no reduced Pd
was detected, the CTF network should stabilize oxidized PdHx
species. This statement was later confirmed by high-resolution
(HR) TEM analyses on more than 100 Pd particles for the
PdIMP/CTF catalyst. A purely metallic Pd unit cell parameter
is 3.89 A˚, whereas that measured in PdIMP/CTF, in which the
Pd particles were in a face-centered cubic arrangement, aver-
aged (4.016 0.057) A˚ (Figure 8). Moreover, the (111) and
(200) lattice spacing values on more than 100 Pd particles did
not fit with any of Pd oxide phases, but matched perfectly to
the lattice of PdHx, signifying that H could only be introduced
into the Pd lattice during reduction with NaBH4.
[14] The for-
mation of PdHx (x>0–0.7) species has already been already
reported in the literature: the authors reduced Pd NPs embed-
ded in a Zr-modified mesoporous SiO2 by NaBH4.
[15] Hydro-
gen, which was introduced during the reduction treatment,
was desorbed during an in situ heating treatment at 4008C of
the catalyst on a Gatan heating holder in a transmission elec-
tron microscope, as already reported elsewhere.[16]
These three catalysts, PdPVA/CTF, PdIMP/CTF, and
Pd(II)IMP/CTF were tested in the glycerol oxidation reaction,
and the obtained activity and selectivity further indicated the
presence of PdHx species.
The unreduced catalyst was 35% active after 4 h, implying
possible in situ reduction of the Pd oxide inside the CTF net-
work. Moreover, when performing an XPS study on the used
PdIMP/CTF catalyst, 60% Pd
0 was detected, which suggested
the reduction of the Pd ions during contact with glycerol and
derivatives.
A key point of this study derives from the difference in
selectivity between PdPVA/CTF and PdIMP/CTF (Table 1). In
the case of PdPVA/CTF, the formation of C3 products (glyceric
and tartronic acids) are favored, as expected from previous
study, with a selectivity of 81% at 90% conversion to glyceric
Fig. 6. Activity of the catalyst as a function of the nitrogen concentration
Reproduced by permission from ref. [12b]. CopyrightVC 2013 Wiley-VCH.
Fig. 4. Reaction scheme for the formation of the CTF. Reprinted with permission from ref. [9]. Copyright 2010 American Chemical Society.
Fig. 5. TEM image of 1 wt % Pd/CTF catalyst before reaction. Reprinted
with permission from ref. [9]. Copyright 2010 American Chemical Society.
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acid. On the other hand, at the same conversion, a lower
amount of glyceric acid (62%) and a non-negligible amount of
C2 products (12 and 6% for respectively glycolic and oxalic
acids, respectively) were obtained with PdIMP/CTF. This dis-
tinguished selectivity would suggest the undeniable contribu-
tion of hydride particles present in PdIMP/CTF. It is therefore
proposed that PdHx species would directly reduce O2 to gener-
ate H2O2, which favors C–C cleavage, leading to a higher for-
mation of C2 products (Scheme 1).
[17]
To highlight the difference between the two preparations of
catalysts (PdPVA/CTF and PdIMP/CTF), their respective durabil-
ity over nine runs (4 h each) was studied (Figure 9). The PdPVA/
CTF catalyst deactivates consistently from the fourth run,
whereas PdIMP/CTF exhibits almost the same conversion over
the nine runs. The slight decrease of activity could be explained
by a slight loss of catalyst during filtration from one cycle to the
next and physicochemical stabilization due to confinement of
the Pd NPs inside the framework. However, the selectivity to
glyceric acid increased persistently (Table 2). This evolution in
glyceric acid selectivity suggests a constant decrease in PdHx spe-
cies during recycling, as confirmed by XPS.
Fig. 7. XPS measurements on the three supports and catalysts Pd/CTFDCB, Pd/C3N4, and Pd/CTFDCP. N 1s XPS data. Reproduced with permission from ref.
[12b]. CopyrightVC 2013 Wiley-VCH.
Fig. 8. HRTEM image of PdIMP/CTF with enlarged (111) lattice spacing,
corresponding to a lattice parameter of 4.01 A˚. Reproduced with permission
from ref. [13]. CopyrightVC 2015 Wiley-VCH.
Table 1. Selectivity of PdPVA/CTF and PdIMP/CTF for glycerol
oxidation.[a]
Catalyst
Selectivity at 90% conversion
Glyceric acid Glycolic acid Oxalic acid Tartronic acid
PdPVA/CTF 81 4 3 12
PdIMP/CTF 62 12 6 18
[a]Reaction conditions: 0.3 M NaOH/glycerol ratio5 4 mol/mol, glycerol/
metal: 1000 mol/mol, 3 atm O2 and 508C. Adapted with permission from ref.
[13]. CopyrightVC 2015 Wiley-VCH.
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3. N-Doped CNTs (N-CNTs)
CNTs can be ideally considered as rolled graphene sheets;
therefore, constituting a sp2-carbon surface without any addi-
tional groups, except conjugated double bonds. Indeed, func-
tionalities can be found on the tube ends or defects on the wall
surface.[18] To introduce additional groups, we have to break
the ordered carbon structure, which is normally achieved by an
oxidative treatment (HNO3; Figure 10). This is the main rea-
son why O-containing functionalities are the most well studied
starting points for subsequent transformation.[19]
The introduction of N functionalities can be performed
by high-temperature treatment in the presence of NH3.
[20]
The overall structure of the CNT is not appreciably affected by
this treatment (Figure 11).
The nature of the N groups and their relative amounts
depends on the thermal treatment. Titration of basic sites
showed an increased number of moles of basic sites per gram
by increasing the temperature (4.531024 at 473K, 631024 at
673K, and 1031024 at 873K).[21] Moreover, six different spe-
cies of N-containing groups were detected (Figure 12). XPS
investigations revealed that pyridine-like moieties are favored
at low temperature (473K), whereas nitro or N-oxide are
favored at higher temperature (873K; Figure 13).[22]
It appears that all N groups contribute to increased metal
dispersion when preformed metal NPs are deposited on the
doped CNTs. As shown in Table 3, a single metallic sol (Au),
showing a mean size of 2.45 nm with a standard deviation (r)
of 0.27, behaves differently during the immobilization step,
depending on the presence or absence of N functionalities.
The enhancement in metal dispersion observed in the
presence of N groups is also confirmed by TEM investigations
(Figure 14). It should be noted that the parent support only
treated with HNO3 showed values closer to that of pristine
CNTs than to those of N-CNTs (statistical median 3.65 nm
with a standard deviation of 0.78). This is a clear indication that
the N groups are more effective than O groups at improved
metallic dispersion. This trend also proved to be effective in the
case of Pd preformed NPs, as reported in Table 4.
In principle, this finding would positively affect any
metal-catalyzed reaction, but especially in alcohol oxidation,
for which the basic environment is important and the basicity
of the support is also beneficial.
Indeed, upon testing these N-doped catalysts for alcohol oxi-
dation, we observed enhanced activity with respect to the pristine
support.[23] Table 5 reports the results obtained for benzyl and
cinnamyl alcohol oxidation to the corresponding aldehyde.
The results clearly indicated the superior activity of Pd
supported on N-doped CNTs, but the weight of the two differ-
ent contributions (of metal dispersion and basicity) could be
debated. Therefore, in a subsequent study, the catalysts were
tested in a different reaction under strongly basic conditions;
Scheme 1. Accepted mechanism of metal-catalyzed glycerol oxidation. Repro-
duced with permission from ref. [13]. CopyrightVC 2015 Wiley-VCH.
Fig. 9. Conversion during recycling (4 h) of 1 wt % PdPVA/CTF and 1 wt %
PdIMP/CTF. Reproduced with permission from ref. [13]. Copyright VC 2015
Wiley-VCH.
Table 2. Selectivity to glyceric acid during the recycling of PdIMP/
CTF (4 h of reaction).[a]
Runs 1 2 3 4 5 6 7 8 9
Sglyceric acid [%] 62 56 64 58 70 73 84 79 80
[a]Reaction conditions: 0.3 M, NaOH/glycerol ratio5 4 mol/mol, glycerol/
metal: 1000 mol/mol, 3 atm O2 and 508C. Adapted with permission from ref.
[13]. CopyrightVC 2015 Wiley-VCH. Fig. 10. Oxidative treatment of CNTs by HNO3.
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thus removing the contribution of the basicity of the support.
The glycerol oxidation reaction catalyzed by Au was chosen.[21]
Even in this case, we observed an extraordinary effect on the
activity passing from Au on pristine CNT to N-doped CNTs
(Table 6). Moreover, Au on oxidized CNT showed an almost
similar activity than Au/CNT in agreement with the very simi-
lar size and distribution of Au particles. In this case, it was then
possible to conclude that the activity of the catalysts was ruled
out by the dimension of the metal NPs.
However, looking at the product distribution (measured
at iso-conversion), it is possible to observe that pristine and
oxidized CNTs present a higher tendency to cleave C–C
bonds; thus producing a higher amount of glycolate than
N-CNTs (Table 6). Many studies, however, stated that, in glyc-
erol oxidation, selectivity depended on metal particle dimen-
sions: larger particles were more selective to glyceric acid than
smaller ones. Based on this trend, we would expect the
Fig. 11. SEM overview of CNTs a) before and b) after NH3 treatment.
Reprinted with permission from ref. [5].
Fig. 12. Different nitrogen groups introduced in CNTs by thermal treatment
with NH3.
Fig. 13. XPS N 1s signal evolution with T during thermal treatment with
NH3: a) 473 K; b) 673K; c) 873K; d) oxidized CNTs without thermal
treatment with NH3. Reprinted with permission from ref. [22]. Copyright
(2008) American Chemical Society.
Table 3. Au NP size on CNT and N-CNT.[a]
Au sol Au/CNT
Au/N-CNT
473 K
Au/N-CNT
873 K
Statistical median [nm] 2.45 3.80 3.15 2.94
Standard deviation (r) 0.27 0.95 0.57 0.51
[a]From HRTEM measurements (data from ref. [21]).
Fig. 14. TEM images of a) Au/CNT and b) Au/N-CNT at 873 K.
Reproduced from ref. [1g] with permission from The Royal Society of
Chemistry.
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opposite behavior for Au/CNT and Au/N-CNT. A possible
explanation is related to different kinetics of decomposition of
H2O2 generated during the reaction (see Scheme 1). Indeed, a
lower decomposition of H2O2 would allow the peroxide to
react with glycerol to produce a higher amount of glycolate.
However, in this case, H2O2 decomposition is dominated by
the strongly basic conditions, and thus, we would expect the
contribution of H2O2 in regulating the product distribution to
be very similar in both cases.
Therefore, additional relevant factors from a catalytic
point of view should be present.
A recent study was carried out with the aim of further
investigating the role of N doping. To avoid any problems cor-
related with different particle sizes due to the presence or
absence of N groups, an AC was used as the support.[24] In
fact, AC, differently from pristine CNT, assures a high metal
dispersion.
The introduction of N groups was selectively carried out
in the AC structure, through a similar procedure to that of
CNT, by adsorbing pyridine on the metal NP surface by using
Pd NPs preformed in the presence of a capping agent contain-
ing N (polyvinylpyrrolidone (PVP)). As controls, pristine AC
and Pd preformed NPs with a non-N-containing capping
agent (PVA) were used.
In all cases, good metal dispersion was obtained, but huge
differences in catalytic behavior were revealed. Figure 15
reports the reaction profiles of the catalysts in benzyl alcohol
oxidation.
When Pd NPs are supported on N-doped carbon, their
activity is strongly enhanced with respect to all other catalysts.
As the N-content in the samples and the overall basic proper-
ties were similar, an obvious conclusion was that the location
Table 4. Statistical median and standard deviation of particle size
analysis for Pd-based catalysts.[a]
Pd sol Pd/CNT
Pd/N-CNT
873 K
Statistical median [nm] 2.80 4.28 3.28
Standard deviation (r) 0.27 1.41 0.93
[a]From HRTEM measurements (data from ref. [21]).
Table 5. Effect of support N-doping for benzyl/cinnamyl alcohol
oxidation with Pd/CNT catalysts.[a]
Pd/CNT
Benzyl alcohol Cinnamyl alcohol
TOF [h21] Selectivity[a] TOF [h21] Selectivity[a]
Pristine 10 92 52 75
N-doped 836 93 494 76
[a]Reaction conditions: 0.3 M in water, alcohol/metal: 1/500 mol/mol, 1,5 atm
O2 and 608C (data from ref. [23]).
Table 6. Effect of support N-doping in glycerol oxidation with Au/
CNT catalysts.[a]
Au/CNT
Selectivity at 90% conversion
TOF [h21] Glycerate Glycolate Tartronate
Pristine 182 55 27 <1
Oxidized 186 65 20 <1
N-doped
(873K)
853 68 13 14
[a]Reaction conditions: 0.3 M, NaOH/glycerol ratio5 4 mol/mol, glycerol/
metal: 1000 mol/mol, 3 atm O2 and 508C. Data from ref. [21].
Fig. 15. Reaction profile of Pd catalysts in benzyl alcohol oxidation.
Reproduced with permission from ref. [24]. CopyrightVC 2015 Wiley-VCH.
Fig. 16. Stability tests with PdPVA/AC and PdPVA/N-AC. Reproduced with
permission from ref. [20]. CopyrightVC 2015 Wiley-VCH.
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of the N-groups within the carbon structure was fundamental
for improving the activity. This improvement could also be
correlated to the enhanced stability of the Pd/N-AC catalyst
showed during recycling tests compared with Pd on the bare
support (AC; Figure 16).
However, it should be noted that XPS studies showed rele-
vant differences in the nature of the N groups present on dif-
ferent catalysts, the effect of which on the catalytic activity
deserve further investigation for clarification.
4. Summary and Outlook
The introduction of N groups within carbon materials was
studied to improve and tune the carbon properties as catalytic
supports. Studies carried out in our group focused on two dif-
ferent approaches dealing with a post-synthesis modification
or the use of N-containing precursors for direct synthesis. In
both cases, different types of N-containing groups were intro-
duced (pyridine, pyrrole, or pyridine groups), which were rec-
ognized by means of XPS analyses. The relative amount of N
groups changed as a function of precursor and temperature
treatment during the deposition of metallic NPs, which
revealed different abilities of N groups to coordinate to metal-
lic particles. A general trend is that, by increasing the N con-
tent, metal NPs appear to be more disperse and stable; thus
enhancing the catalytic activity. The position of N groups was
shown to be crucial in determining the nature and accessibility
of the active site. Inside the pores of CTF, in fact, stable PdHx
particles can be formed; this drastically affects the selectivity of
the oxidative reaction. From studies on different modifications
of AC, it was also possible to determine that it was not merely
the presence of N groups, but also their position that deter-
mined an enhancement of the activity of the catalyst. It was
indeed shown that the modification should involve the carbon
structure to be stable and effective. However, some experi-
ments involving modification of the CNT surface clearly
revealed the importance of the nature of the N groups them-
selves. Further investigations should then be carried out possi-
bly controlling not only the position, but also the N groups
introduced.
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